Introduction
Anatomical re-entry represents a common mechanism of heart rhythm disturbances (e.g. ventricular tachyarrhythmias) in structurally damaged myocardium. [1] [2] [3] Current approaches to investigate, prevent or terminate this re-entrant activity rely on (i) global modulation of cardiac electrical function by drug and electrical shock application, or (ii) local modulation of cardiac electrical activity by introducing a permanent conduction block in the pathway of aberrant propagation through local tissue ablation. In general, however, these three approaches are characterized by their relative unspecific, traumatizing and/or irreversible nature, but also by their limited extent to control cardiac electrical function in time and space. [4] [5] [6] In the past few years, optogenetics has emerged as a unique approach to modulate biological function by combining forced expression of light-sensitive proteins with light-emitting diode (LED) technology for tailored activation of these proteins. 7, 8 Although first introduced in the field of neuroscience, optogenetics is now also proving its potential in cardiac research, especially in cardiac electrophysiological studies. Here, light-gated ion channels are used to modulate cardiac excitability through generation of de-or hyperpolarizing photocurrents in cardiac muscle cells. [9] [10] [11] [12] [13] In contrast to other, more conventional approaches, optogenetic control of the electrophysiological properties of cardiomyocytes does allow highly specific and fully reversible modulation of cardiac electrical function with unmatched precision. This is especially true if the light-gated ion channels are activated by programmed patterned illumination, as this will allow superb control of cardiac electrical function in space. [14] [15] [16] [17] The possibility to use such optogenetic tools to terminate ventricular arrhythmias has been shown in recent studies using murine hearts. 18, 19 Here, the arrhythmias were based on ischemia and functional re-entry, while the H134R mutant of channelrhodopsin-2 (ChR2) was used as optogenetic tool. We were, however, interested to determine whether and how optogenetic control of electrical function in the pathway of anatomical re-entry could be used to manipulate and terminate anatomical re-entrant activity. To this purpose, we used cultured rat transverse ventricular tissue slices to create a standardized and robust in situ model of anatomical re-entry, in which Ca 2þ -translocating channelrhodopsin (CatCh), a different mutant of ChR2, was expressed and subsequently activated by patterned illumination. CatCh is more rapidly activated and produces a stronger steadystate current than wild-type ChR2 and the H134R mutant. 20 This distinctive biological approach allowed us to generate a light-guided, depolarization-induced local conduction block, the presence of which could be tightly controlled in time and space, in any desired area of the tissue slices. This study is the first to demonstrate that such optogenetic manipulation in the pathway of anatomical re-entry could terminate the arrhythmic activity, thereby revealing a new mechanism of anatomical re-entry termination based on precise, transient and non-destructive modulation of electrical function, i.e. without drugs, electrical shocks or tissue damage.
Methods
A detailed description of materials and methods can be found in the Supplementary material online.
All animal experiments were approved by the Animal Experiments Committee of Leiden University Medical Center (LUMC) and done in accordance with the Guide for Care and Use of Laboratory Animals as stated by the US National Institutes of Health.
Preparation of transverse rat ventricular tissue slices
After perfusion of the hearts of neonatal Wistar rats with oxygenated phosphate-buffered saline containing 10 IU/ml heparin, transverse ventricular tissue slices 150-lm thick were obtained using a vibratome (VT1200S, Leica Microsystems, Rijswijk, the Netherlands). The slices were kept under culture conditions at 37 C in humidified 95% air-5% CO 2 for 4 days.
Lentiviral gene transfer
The cardiac tissue slices were genetically modified at the day of production by adding concentrated viral vector suspension directly on top of the slices and into the medium under the semi-porous membrane in the presence of 10 mg/ml diethylaminoethyl-dextran (Carl Roth, Karsruhe, Germany). 
Patch clamp

Integrated system for optical mapping and patterned illumination
The optical mapping system (SciMedia, Costa Mesa, CA) was customized by integration of a patterned illumination device, the Polygon400 (Mightex Systems, Toronto, ON) to allow recording of electrical activation with the voltage-sensitive dye Di-4-ANEPPS (Life Technologies Europe, Bleiswijk, the Netherlands) and patterned illumination with blue light (470 nm), (Supplementary material online, Figure S1C ). Slices were stimulated either electrically with an epoxy-coated unipolar platinum electrode (FHC, Bowdoin, ME) using 2-ms rectangular pulses of 1.5 V or optically with 10-ms/470-nm light pulses (0.68 mW/mm 2 ), coming from the Polygon400. Re-entry was induced by electrical pacing using a S1-S2 protocol. After confirmation of the presence of re-entrant conduction, slices were exposed to 470-nm LED light for 500 ms using the patterned illumination device.
Numerical Methods
The NRVCs were modelled according to the formulation of Korhonen et al., 21 with adaptations by Hou et al. 22 The complex intracellular Ca 2þ diffusion between the sarcolemma and the perinuclear sarcoplasmic reticulum was replaced by a simple Ca 2þ -handling process adopted from tenTusscher et al. 23 Cardiac myofibroblasts were modelled according to the passive formulation of MacCannell et al., 24 whereas the empirically derived model of ChR2 (current-enhanced mutant H134R) by Williams et al. 25 was used together with the parameter set established by Boyle et al. 26 to implement optogenetics. Eight confluent monolayer stripes (12.75 Â 2.8 mm) were constructed as arrays of 1145 cell sites with 17% myofibroblasts. Each stripe was electrically paced from one side, at a cycle length (CL) of 500 ms, with a 2-ms current stimulus of 100 pA . Wave propagation was then studied in the stripes in the presence of virtual irradiation over a rectangular area 600 mm Â 25 or 75% of the transmural width (2.8 mm).
Statistical analysis
Data were expressed as mean ± SD. Comparison between two groups was performed with Student's t-test for continuous variables and with the X 2 test for categorical variables. When data were analysed across more than two variables, analysis of variance (ANOVA) was used. Parameters before and after re-entry termination were compared using paired t-tests. To take into account both the number of slices and the number of animals, random effects model analysis was also performed, when applicable. Differences were considered statistically significant at P < 0.05. Statistical analyses were performed with SPSS11.0 for Windows (SPSS, Chicago, IL) and JMP pro 12 for Windows (SAS, Cary, NC).
Results
Electrophysiological effects of CatCh activation
To study the electrophysiological effects of light-mediated CatCh activation, perforated patch clamp experiments were performed on single CatCh-NRVCs. In a previous study from our research group, a 500-ms/ 470-nm light pulse was used to characterize the kinetics of the CatChgenerated photocurrent in atrial cardiomyocytes. 27 For this reason, CatCh-NRVCs were exposed to 500-ms blue light pulses in combination with different light intensities to determine the minimum light intensity required to evoke an action potential (AP) and generate a stable voltage plateau during the repolarization phase, i.e. prolonged depolarization (Supplementary material online, Figure S2A ). Plotting the mean voltage shift at the end of the 500-ms light pulse against light intensity (n = 5 for each condition; Supplementary material online, Figure S2B) Figure 1B , the duration of the plateau phase was determined by the duration of the light pulses. Voltage-clamp recordings demonstrated that illumination with 470-nm light for 500 ms induced typical CatCh inward currents at negative holding potential of -40 mV (n = 7) ( Figure 1C) . Peak (I pk ) and steady state (I ss ) CatCh photocurrents were 37.9 ± 9.0 and 25.5 ± 5.9 pA/pF, respectively. Moreover, CatCh partially desensitized with a time constant (s des ) of 447.6 ± 109.1 ms as determined by a single-exponential fit to the current decay after the peak ( Figure 1C) . The channel closing time constant (s off ), determined by a two-component exponential fit to the current decay after illumination ( Figure 1C) , was 103.1 ± 26.7 and 965.9 ± 304.8 ms for fast and slow components, respectively. These findings confirmed the presence of a CatCh-generated photocurrent and proof its potential to keep CatCh-NRVCs in a depolarized state.
Histological characterization of cardiac tissue slices
Micrographic analyses of transverse neonatal rat ventricular tissue slices revealed that after transduction with the CatCh-encoding LV (CatCh " group) or the eYFP-encoding control vector (eYFP " group) (for vector maps, see Figure 1A ) and 4 days of culture, these slices maintained their gross anatomy, including the presence of both the left and right ventricular lumen ( Figure 1D, left panel) . In addition, the tissue slices showed the abundant presence of nuclei in a homogenous distribution pattern and, importantly, global transgene expression ( Figure 1D , middle and right panel, respectively). Due to the use of the striated muscle-specific MHCK7 promoter, transgene expression was only observed in a-actinin þ cells (i.e. cardiomyocytes). Of the cardiomyocytes, 63 ± 13% expressed CatCh, which was mainly localized at the sarcolemma ( Figure 1E and F).
Immunohistological analysis for sarcomeric a-actinin showed a typical cross-striated expression pattern in both groups, indicating preservation of sarcomeric organization (Supplementary material online, Figure S3A) . Moreover, the gap junction protein connexin43 (Cx43) and the fibroblast marker collagen type 1 (Col1) showed the characteristic staining patterns for these proteins in both the CatCh " and eYFP " group (Supplementary material online, Figure S3B and C). Immunostaining for cleaved caspase-3 demonstrated lack of apoptotic activity in the large majority of cells (Supplementary material online, Figure S3D ). Cell viability was also investigated by Mitotracker staining for active mitochondria, which showed intense and uniform labeling (Supplementary material online, Figure S3E ).
Electrophysiological characterization of cardiac tissue slices
To investigate their basic electrophysiological properties, such as AP duration at 80% repolarization (APD 80 ) and conduction velocity (CV), slices were loaded with the voltage sensitive dye Di-4-ANEPPS and subjected to high-resolution optical mapping while being electrically stimulated at 1-9 Hz. In this study, optical voltage mapping was performed with Di-4-ANEPPS instead of Di-4-ANBDQBS because of a better signal-to-noise ratio and a lack of significant adverse electrophysiological effects (Supplementary material online, Figure S4 ). Neither the eYFP " slices (n = 7) nor the CatCh " slices (n = 20) showed spontaneous activity. However, electrical point stimulation evoked APs in all slices in both groups and resulted in bidirectional propagation of the electrical wavefront around the left ventricular lumen followed by its annihilation at the collision site ( Figure 2A and B). At a pacing frequency of 1 Hz, no significant differences were observed in APD 80 or CV between CatCh " and eYFP " slices; APD 80 was 96 ± 13 ms vs. 96 ± 22 ms (P = 0.43), and CV was 8.9 ± 2.7 vs. 8.4 ± 1.6cm/s (P = 0.99), respectively. As pacing frequency increased from 1 to 9 Hz, the values of these parameters gradually decreased in a similar fashion for both groups ( Figure 2E and F). From these data, we concluded that there are no major differences in excitability, gap junctional coupling and restitution properties between the CatCh " and eYFP " groups. To investigate whether transduction of cardiac tissue slices with CatCh-encoding LV particles resulted in light-gated ion channel activity, these slices were exposed, by patterned illumination, to brief light pulses (10-ms; 470-nm) targeting a 300-lm square area near the tissue border. As anticipated, APs could be readily evoked by 470-nm light exposure of the CatCh " slices while optical stimulation of the eYFP " slices did not produce APs ( Figure 2C and D). Consistently, following blue light exposure only the CatCh " slices showed contractions.
Together these results indicate that transverse ventricular tissue slices can be derived from neonatal rat hearts and kept in culture for at least 4 days without losing their anatomical properties and the capability to generate and propagate electrical signals. This culture period sufficed to optogenetically modify the cardiac tissue slices with LVs encoding a lightgated depolarizing ion channel, thereby allowing optical control of excitability in these slices.
Induction and characterization of anatomical re-entry
In order to test the effects of optogenetic manipulation on anatomical re-entry, such arrhythmic activity was induced in the cardiac tissue slices by dedicated electrical stimulation according to the so-called extra stimulus S1-S2 protocol. 28 The bifurcated wavefront of each S1 stimulus propagated around the left ventricular lumen of the slice and its two parts finally collided at the end of the slice opposite of the pacing electrode ( Figure 3A , left activation map). The subsequent S2 stimulus was given at a progressively shorter time interval until unidirectional S2 propagation occurred and re-entry was initiated ( Figure 3A , middle activation map and right panel of optical records). Typically, re-entry was pinned to the left ventricular lumen with activation of the right ventricle following each re-entrant cycle ( Figure 3A , right activation map). The S1-S2 protocol resulted in sustained re-entry in 86% (6 out of 7) and 85% (40 out of 47) of the eYFP " and CatCh " slices, respectively
(P = 0.97, Figure 3B ). No significant differences were observed in re-entry CL (120 ± 42 vs. 110 ± 20 ms, P = 0.33, Figure 3C ), APD 80 (56 ± 14 vs. 57 ± 11 ms, P = 0.72, Figure 3D ) and CV (3.7 ± 0.8 vs. 4 .4 ± 1.3 cm/s, P = 0.23, Figure 3E ) between both groups, which suggests that the optogenetic modification itself did not affect either re-entry inducibility or key properties of the resulting tachyarrhythmia.
Effects of global illumination on anatomical re-entry
Before testing the effects of illuminating only a local area in the pathway of aberrant conduction (see below), the effects of global illumination on ongoing anatomical re-entry were assessed. After the presence of reentry was confirmed by optical mapping, the entire area of the slices was Figure 4A and B). Such global illumination terminated re-entry in all CatCh " slices (n = 23), but none of the eYFP " slices (n = 6) (P < 0.01) ( Figure 4C ). To investigate potential aftereffects of the optogenetic intervention on key electrophysiological properties of the cardiac tissue slices, 1-Hz electrical stimuli were given 1.5 s after global illumination of the CatCh " slices (n = 8) ( Figure 4A , right). The APs evoked before and after illumination did not display significant differences in APD 80 (87 ± 14 vs. 84 ± 12 ms, P = 0.55) or CV (10.0 ± 1.7 vs. 8.8 ± 2.1 cm/s, P = 0.13) ( Figure 4D and E). These results indicate that anatomical re-entry in these cardiac slices could be terminated effectively by global transient lightinduced activation of CatCh without compromising subsequent normal electrical activation.
Termination of anatomical re-entry by local illumination
Next, the effect of programmed regional illumination of the CatCh " slices, and therefore local generation of a depolarizing photocurrent, on sustained anatomical re-entry was investigated. First, an area spanning the entire thickness of the myocardium (fully transmural) and 300 or 600 mm in width was illuminated for 500 ms using the patterned illumination device ( Figure 5A and B). This local activation of CatCh in the pathway of re-entrant conduction resulted in 57% (8 out of 14) and 100% (14 out of 14, P < 0.01) arrhythmia termination, respectively ( Figure 5C ). In all cases, arrhythmic activity was terminated by collision of the re-entrant wave into the area of CatCh activation-induced temporary conduction block. Of note, in the six cases in which re-entry was not terminated, the re-entrant CL increased during illumination ( Figure 5D ). Importantly, re-induction of re-entry in four of the preparations followed by local illumination of three other areas divided over the left ventricular wall again resulted in arrhythmia termination, indicating that this was not a local phenomenon. These data show that not only global illumination but also predefined regional illumination of only a small area of the pathway of re-entrant conduction leads to termination of anatomical re-entry in optogenetically modified cardiac tissue slices. Activation of CatCh by local transmural illumination resulted in acute generation of a regional and temporary conduction block in which the re-entrant wavefront collided, CatCh " (n = 20 slices, nine rats) and eYFP " (n = 7 slices, four rats) slices display similar APD 80 (E) and CV (F) values during electrical stimulation at different pacing frequencies with higher pacing frequencies resulting in shorter APDs and slower conduction by two-way ANOVA. Of note, random effects model also showed no difference between CatCh "and eYFP " slices.
.
thereby interrupting the re-entrant pathway and causing termination of the arrhythmia.
After having shown the effects on anatomical re-entry of a reversible conduction block spanning the full transmural thickness of a cardiac tissue slice, the anti-arrhythmic potential of subtransmural illumination was investigated. We hypothesized that subtransmural illumination would cause local narrowing of the pathway of re-entrant wave conduction, thereby creating a so-called isthmus ( Figure 6A and B) . The width of the illuminated area was fixed at 600 mm, while its transmurality (i.e. depth) was gradually increased from 1 =4, 1 =2, 3 =4 till 1 (i.e. full transmurality) resulting in a systematic narrowing of the isthmus until it was no longer present. As shown in Figure 6C , re-entry could be terminated in all 4 situations but the success rate of termination increased from 2 (10%), 5 (24%), 9 (43%) to 21 (100%) out of 21 slices with an increase in transmurality of illumination from 1 =4, 1 =2, 3 =4 to 1, respectively. Analysis of the dynamics of the re-entrant wavefront during illumination showed that in cases of failed arrhythmia termination, the wavefront passed through the isthmus, thereby allowing re-entry to continue ( Figure 6A) . Of note, the CLs of the re-entrant circuits that could not be terminated increased during illumination ( Figure 6D ), indicating that optogenetic manipulation of anatomical re-entry could also slow down the ongoing re-entrant tachyarrhythmia. In case of termination, however, the wavefront entered the isthmus and faded away (i.e. wave extinction), while the remainder of the wavefront collided directly into the light-induced conduction block ( Figure 6B) . Re-entry termination occurred at the site of illumination with the exception of two cases ( Figure 6E) , in which conduction became slower after passing the illuminated area and eventually stopped, thereby still resulting in arrhythmia termination. Together these results demonstrate that light-guided generation of a local and reversible conduction block, which is only partially obstructing the pathway of re-entrant conduction, may result in arrhythmia termination. Whether the temporary isthmus between the ventricular lumen and the area of reversible conduction block allowed conduction of re-entrant waves depended on its width. By narrowing this isthmus via deeper transmural illumination, reentrant conduction more often faded away causing arrhythmia termination. These findings suggest that a so-called electrical source-sink slice subjected to S1-S2 electrical stimulation to induce anatomical re-entry. The right panel shows enlarged optical traces derived from positions 1 through 6 in the slice at the moment in which anatomical re-entry is established. No significant difference was observed in anatomical re-entry inducibility (B) between the eYFP " (n = 7 slices from four rats) and CatCh " (n = 47 slices from thirteen rats) slices by X 2 test, nor in the CL (C), APD 80 (D), and CV (E) during re-entry between groups (6 slices from four rats in the eYFP " group and 40 slices from thirteen rats in the CatCh " group) by both student t-test and random effects models. mismatch at the temporary isthmus could play an important role in the mechanism of re-entry termination. In other words, narrowing the isthmus would lead to an increase in source-sink mismatch and thereby raise the chance of AP propagation failure at the isthmus.
In silico studies into the mechanisms underlying block of propagation
To study the role of electrical source-sink relationships in block of AP propagation caused by local subtransmural illumination, computer simulations were performed. If mismatches between source and sink play an important role, their functional modulation (from mismatch to match and vice versa) should change the experimental outcome (from conduction block to continued propagation and vice versa).
For these studies, we created virtual NRVC monolayer strips of 12.75 Â 2.8 mm, in which ChR2 was uniformly incorporated into the cardiomyocytes, thereby mimicking the area of interest in the cultured cardiac tissue slices. Left-sided electrical stimulation of the strip resulted in uniform AP propagation towards the other side of the strip ( Figure 7A, left  panel) . Next, the light-sensitive ion channels were activated by in silico illumination of a rectangular central area of 600 mm Â 25 or 75% of the total strip width ( Figure 7A , right panels). After creation of a functional conduction block by illuminating 25% of the total strip width, 37 .5% of the strips showed 1:1 propagation of the evoked electrical signal to the right side of the strip, whereas 62.5% showed 1:2 propagation, thus no complete block ( Figure 7B) . In contrast, illumination of 75% of the total width resulted in complete block of AP propagation at the site of illumination in all strips and in all cases ( Figure 7C) . The voltage distribution in the strips around this site confirmed the generation of a functional conduction block through depolarization. This area was characterized by a gradient of membrane potentials ranging from -20 mV in the centre to -30 mV at the border of the illuminated area and to -70 mV in the most distal affected region outside of the illuminated area ( Figure 7D , left frames). In areas with potentials > _ -45 mV, fast Na þ channels were no longer available for excitation, causing the area of light-induced conduction block to extend well beyond the illuminated region. In addition, conduction slowing was observed in the regions with membrane potentials ranging between -45 and -65 mV, and therefore with a limited availability of fast Na þ channels. Once established, such conduction block and partially depolarized neighbouring regions seem to favor failure of AP propagation at the site of illumination. The degree to which Figure 4 Effects of global illumination on anatomical re-entry. Representative activation maps before and after 500-ms exposure to 470-nm light (left, first and third panels), screen shots taken during the illumination period (left, middle panel) and corresponding optical traces (right) of CatCh " and eYFP " slices, respectively. CatCh " slices showed uniform AP propagation when electrically stimulated at 1 Hz at 1.5 s after illumination (A). Global 470-nm light exposure of eYFP " slices did not affect re-entrant activity (B). (C) Incidence of successful anatomical re-entry termination in CatCh " (n = 23 slices from eight rats) and eYFP " (n = 6 slices from four rats) slices. Statistical comparison was made using X 2 test. * P < 0.001. No differences were observed in APD 80 (D) and CV (E) during electrical stimulation at 1 Hz of CatCh " slices (n = 8 slices from two rats) before and after re-entry termination using both paired t-test and random effects model analysis. depolarization extended into the areas surrounding the illuminated zone was tested in CatCh " slices through optical mapping with Di-4-ANBDQBS. The CatCh " slices were electrically stimulated at a frequency of 7-9 Hz prior and during illumination of a 600-mm-wide rectangular area of 25 or 75% transmurality. The gradient in depolarization was assessed by comparing the AP amplitude, before and during illumination, in three different spots at increasing distance from the targeted area. This comparison supported the results of the in silico study by showing that the optical signal amplitude was most strongly reduced ($50%) in the spot closest to the area of illumination ( Figure 8) .
To investigate whether electrical source-sink relationships are indeed a key factor underlying block of propagation at the site of illumination, and hence re-entry termination, this relationship was modulated in a stepwise manner. Intercellular coupling, or gap junctional conductance, is considered to be an important determinant of passive voltage spread. 29 We therefore varied the mathematical coefficient of voltage diffusion (D), which biophysically correlates with gap junctional conductance, to study its effects on AP propagation at the site of conduction block. For strips in which only 25% of the total width was illuminated, a Example of a re-entrant activation wavefront passing through a light-exposed transluminal area 300 mm in width (A). Example of successful re-entry termination when the width of the light-exposed transluminal area is increased to 600 lm (B). (C) The success rate of light-induced anatomical re-entry termination depends on the width of the illumination area. Statistical comparison was made using X 2 test. * P < 0.01 (n = 14 slices from five rats). (D) Passage of re-entrant circuits through the 300-mm wide transmural illuminated area slightly but significantly increased their CL. * P < 0.05 using both paired t-test and random effects model analysis (n = 6 slices from four rats). Taken together, these results indicate that generation of a conduction block that is partially obstructing the pathway of propagation and thereby leaving a narrow isthmus, could indeed result in failure of such propagation through local formation of temporary source-sink mismatches.
Discussion
Anatomical re-entry is a key mechanism of potentially lethal heart rhythm disturbances in structural heart disease, and is characterized by AP propagation around a fixed anatomical obstacle. The mechanisms involved in the interruption and therefore termination of anatomical reentry have been mainly ascribed to global temporary modulation of electrophysiological properties using drugs or electrical shocks and/to local permanent modulation of cardiac electrical activity through tissue ablation at critical sites.
Here, we investigated optogenetic manipulation of anatomical reentry in cultured ventricular tissue slices. We consider the results as a proof-of-principle demonstration that such arrhythmia could be optogenetically terminated. The mechanism involved in the interruption of the anatomical re-entry, as described in our study, is based on the temporary inhibition of excitability in only a specific part of the re-entrant pathway via optogenetic modification and patterned illumination technology. As a result, a functional and reversible conduction block is created in this pathway, thereby preventing continuation of re-entry and allowing normal activation to resume.
Our data regarding optogenetic control of excitability are in line with previous studies. Bruegmann et al. 9 showed that prolonged illumination of cardiomyocytes expressing ChR2 (H134R) resulted in a significant and sustained upward shift in membrane potential. As a result of this light-induced depolarization, the cardiomyocytes could no longer be electrically activated thereby producing a functional conduction block. Although light-gated cation channels are mostly used as excitatory tools for optical pacing by generating brief supra-threshold depolarizing stimuli, here we show, by single-cell patch clamping in combination with optical voltage mapping of cardiac tissue slices, that their prolonged Figure 6 Re-entry termination by local subtransmural illumination of CatCh " slices. Representative activation maps confirming the presence of anatomical re-entry before 500-ms exposure to 470-nm light (left), traces showing the optical signal before and after illumination (middle) and wave propagation during light exposure (right four panels). Example of unsuccessful re-entry termination following illumination of a 600-lm wide area spanning 25% of the total width of the myocardial wall (A). Example of successful re-entry termination in a CatCh " slice by illumination of a 600-lm wide area spanning 50% of the total width (B). (C) The success rate of light-induced anatomical re-entry termination shows a positive correlation with the extent of transmurality of the 600-mm wide light-exposed area. * P < 0.001 vs. 75%, #P < 0.001 vs. 50%. * * P < 0.001 vs. 25% using X 2 test (n = 21 slices from ten rats). (D) Increases in transmurality of illumination result in larger increases in re-entry CL during failed optogenetic arrhythmia termination. * P < 0.05 75% vs. 25% using one-way ANOVA with post-hoc Bonferroni's test. Similarly, random effects one-way ANOVA showed significant difference (P < 0.001). (E) Analysis of the incidence of re-entry termination in different parts of the slice (equal-sized segments -2, -1, 0, 1, 2, 3) showing that re-entry termination rarely occurs outside of the illuminated area (i.e. segment 0).
activation produces a depolarizing current of sufficient strength and duration to allow inhibition of excitation.
In their groundbreaking paper, Arrenberg et al. 30 were the first to demonstrate that activation of a light-gated chloride pump, resulting in a hyperpolarizing photocurrent, could also inhibit electrical activity in cardiac tissue. In a recent study by Nussinovitch et al., 12 a light-gated hyperpolarizing proton pump was used to inhibit electrical activity in cardiomyocytes cultured on multi-electrode array culture dishes. 
Optogenetic termination of anatomical re-entry
Whether the results of our study depend on the specific use of CatCh, or may be obtained with other light-gated depolarizing or hyperpolarizing tools as well, remains to be determined. However, certain differences can be expected, especially given the important contribution that the depolarization gradients in the proximity of the illuminated area seem to have in terminating anatomical re-entry.
Although several prior studies reported optogenetic control over cardiac tissue excitability, [9] [10] [11] [12] [13] in general, the anti-tachyarrhythmic potential of optogenetics remains relatively poorly studied. In a previous study, we investigated the effects of global activation of CatCh on spiral wave tachyarrhythmias in monolayers of atrial cardiomyocytes. 27 The resulting depolarizing photocurrent caused drifting of the spiral waves, leading to critical collision and thereby termination of these waves. In more recent studies, the anti-arrhythmic potential of ChR2(H134R), another depolarizing optogenetic tool, has been explored in whole murine hearts. Here, Bruegmann et al. 18 and Crocini et al. 19 have shown that optogenetic manipulation of ventricular arrhythmias may lead to their termination. They relied on computer simulations to suggest that Na þ channel inactivation based on ChR2-dependent depolarization may be involved in the underlying anti-arrhythmic mechanism. In the present study, we used a controllable in situ model of ventricular tachyarrhythmias in which these disturbances are solely based on pre-defined anatomical re-entry, thereby allowing more systematic and detailed studies into the underlying anti-arrhythmic mechanisms of optogenetic interventions. By applying patterned illumination, a transmural conduction block with a width of 600 lm was generated in the pathway of re-entry, which resulted in arrhythmia termination in all slices and in all cases. Under these conditions, the re-entrant waves were apparently not able to penetrate the illuminated area deep enough via electrotonic conduction to activate the cardiomyocytes at the other side of the functional conduction block and reentry was therefore terminated at once. Of note, such optogenetic termination of anatomical re-entry is based on a fully reversible functional conduction block leaving no tissue damage or electrical dysfunction. Even more interestingly were our experiments in which the conduction block did not fully obstruct the re-entrant pathway, but was leaving a narrow isthmus between the two non-illuminated transmural areas of myocardial tissue. Here, the outcome was directly determined by the width of the isthmus, showing more often re-entry termination at the site of illumination with further narrowing of the isthmus. From a mechanistic point of view, we showed, through a set of complementary in silico and in situ studies, extension of a gradient in depolarization from the illuminated area into the isthmus. The in silico data revealed that the membrane potential ranged from -20 mV in the centre to -30 mV at the border of the illuminated area and -70 mV in the most distal region ( Figure 7D , left frames). In line with these results, the in situ data showed a strong reduction ($50%) of the optical signal amplitude in the spot closest to the area of illumination (Figure 8) , indicating the presence of a graded decrease in excitability. These results suggest that local electrical source-sink mismatches resulted in re-entry termination, because such mismatches are known to block AP propagation. Earlier work from, among others, Cabo et al., 31 Fast et al. 32 and Rohr et al., 29 identified a crucial role for gap junctional coupling in determining these source-sink relationships, with a stronger effect on the load than source for a certain degree of uncoupling. Hence, upon partial uncoupling, electrical signals are able to propagate from a narrow area to a wider area, while initially their propagation stopped at the site of expansion. Our in silico study provides novel insight into this matter by showing that enhanced gap junctional conductance increased the spread of depolarization gradients around the illuminated area, thereby expanding the area of effective functional conduction block and reducing the curvature of the entering wavefront. This reduction in curvature was associated with insufficient depolarizing force at the isthmus, giving rise to source-sink mismatch and resulting in propagation failure ( Figure 7) . This finding is in line with earlier work of Rohr et al., 29 which assessed the role of wavefront curvature in AP propagation at suddenly expanding areas of cardiac tissue.
Study limitations and translational considerations
The in situ model presented in this study is based on cultured transverse slices of neonatal rat ventricular myocardium and allowed standardized and systematic studies into optogenetic manipulation of anatomical reentry. Slices from the adult rat heart might be more relevant in terms of translational potential, but the requirement of 4 days in culture to allow sufficient CatCh expression together with the fact that cultured cardiac tissue slices from adult rats degenerate much more quickly than those of newborn rats 33,34 led us to employ neonatal rat hearts. The electrophysiological properties of neonatal rat hearts differ to some extent from those of adult hearts. Neonatal rat hearts, for instance, have weaker Na þ and repolarizing currents and Cx43 is distributed not only at the intercalated discs but also along the cell borders. [35] [36] [37] [38] Hence, the absolute values as reported in our study should be interpreted keeping these differences in mind, although we believe that the overall conclusion remains valid. Furthermore, the model used in our study allowed us to induce a single pre-defined and stable re-entrant wave, which was anchored to the left cardiac lumen. In the diseased whole heart, however, these circuits are often fixed to much more heterogeneous substrates consisting of, e.g. highly fibrotic regions with complex shapes and distribution patterns. Because of this structural heterogeneity in diseased hearts, multiple circuits can be maintained making the identification of the most critical isthmus more challenging, especially as its presence could change in time. For this reason, pathologically more relevant and more complex models are needed to assess the translational value of the novel concept of re-entry termination 'brought to light' in this study.
Another potential hurdle to the clinical translation of our findings might be the current challenge to illuminate a sufficiently large mass of myocardium (i.e. beyond the epi-or endocardial surface) in order to produce a photocurrent strong enough for anatomical re-entry termination. Although our study shows that full transmural illumination is indeed the most effective way to terminate anatomical re-entry, it also reveals that subtransmural illumination could lead to arrhythmia termination. We are, however, aware of the fact that many more studies are needed to assess the therapeutic relevance of our findings, and we therefore consider these data as proof-of-principle for optogenetic termination of anatomical re-entry. Such future experiments should include, e.g. various gradients and shapes of illumination to better mimic those illumination patterns that can be expected from epi-or endocardial illumination. Indeed, it is known that tissue penetration of 470-nm light is rather poor. 9, 39 Zaglia et al. 40 confirmed that the intensity of such light applied at the epicardial surface, decreases by 80% when reaching areas of myocardium at a depth of 300 lm. There are, however, several means by which the delivery and penetration of light might be improved in order to reach deeper, if this would be needed for effective termination of anatomical re-entry in larger hearts, as those of humans. These include the use red-shifted optogenetic tools, such as other ChR2 variants, 41, 42 in combination with, e.g. elastic integumentary membranes equipped with multiple l-LEDs 43 or implantation of injectable hardware-free lLEDs inside the myocardium. 44 In addition, more in-depth investigation is needed into the optimal combination of specific light-gated ion channels and illumination protocols with regard to the particular substrate of the arrhythmia, e.g. its composition and location. For example, substrates located closer to myocardial surfaces might be more suited for optogenetic targeting than those located deeper in the tissue.
Conclusions
In summary, our data indicate that optogenetic modification of cultured transverse slices of rat myocardial tissue, followed by patterned illumination of a pre-defined area in these slices, allows this area to directly act as a fully reversible functional conduction block shaped by light. Hence, the presence of this block can be tightly controlled in time and space in any desired region of the slice, thereby allowing such a block to be generated in the pathway of anatomical re-entry. Depending on the size of the conduction block (i.e. the width of the isthmus), re-entrant waves are either slowed or halted at the site of illumination. Although our study illustrates that full transmural illumination is the most effective way of anatomical re-entry termination, it also shows that this is not absolutely required for termination in our model. This is an important finding, both conceptually (i.e. optogenetically induced source-sink mismatches) and practically (i.e. no absolute need for full transmural illumination).
Computer modelling studies suggest that so-called electrical source-sink mismatches play a crucial role in the mechanism responsible for re-entry termination by creating light-induced depolarization gradients that partially obstruct the conduction pathway. The light-guided generation of regional, temporary and reversible conduction block in viable cardiac tissue slices provides a distinctively new approach to manipulate and terminate anatomical re-entry. Thus our data do not only provide novel mechanistic insight into optogenetic control of cardiac electrical function in ventricular tissue, but they may also initiate more research into innovative, biology-driven strategies for cardiac arrhythmias therapies.
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